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JOSEPH B. KNOX
37 La Gonda Court

Danville, California

Majr 10, I960

I'r^ Ilar-vTc" C. lianks, Director

California State

DepartiTicnt of Water Resources

P. 0. Box 386

Sacramento 2, California

Dear Mr. Banks:

Submitted herewith is a report on procedures for estimating

maximum possible precipitation for large watersheds in California.

The study and report were developed at the request of the De-

partment of Water Resources to assist the Depai-tment in its determina-

tion of necessary reservoir and spillway capacities in mountainous

watersheds. Specifically, the investigation applies the extreme values

of known meteorological parameters to an atmospheric model in order to

estimate the maximum accumulated precipitation and its distribution for

the Feather River Basin.

To obtain fairly detailed geographic distributions of the maxi-

mum possible (accumulated) precipitation, an electronic computing pro-

gram was developed. The practical advantage of such a program is that

the model and the methods are readily applicable to other mountainous

watersheds in the State.

Sincerely,

Joseph B. Knox
Meteorological Consultant
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The symbols frequently used in the study are listed below with their definitions:

D — the diameter of a raindrop.

E the export of the vorticity q.

i — the indexing jf the vertical in the computational plane.

j
— the indexing of the discretized vertical coordinate.

m - the indexing of the straight line segment fitted to the average terrain.

n — the vertical number (0, 1, 2, ) within a given m— region.

p — the pressure.

P, — the rate of precipitation

Pj - the hourly rate of precipitation from the synoptic-scale disturbances.

P^g^ - the maximum hourly rate of precipitation.

P
f„

- the minimum hourly rate of precipitation.

Pg - the hourly orographic rate of precipitation.

P(Xj) -- the mean rate of precipitation at the location x^ during a prescribed period.

q — the vorticity of the two-dimensional motion in the vertical plane.

t^ — the saturation mixing ratio.

S(x) — the simplified terrain slope

t - time.

t, - an interval of time.

T — the period of the time function used to describe the rate of precipitation.

u — the component of the horizontal wind normal to the mountain barrier.

u, — the value of u at the simplified terrain level.

w — the vertical velocity.

Wp - the terminal fall velocity (in still air) of raindrops of size D.

Wo.W;,.. — the terminal fall velocity of raindrops of a particular size, and passing through spe-

cial grid points in the computational net.

Wo'* I- • ~ ^^^ f^ll velocity of raindrops relative to the earth.

X - the space coordinate normal to the barrier.

Xj — the X—coordinate of the computational verticals.

x„ — the X— coordinate of discontinuities in the terrain slope.

z — the vertical coordinate.
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Zj — the z— coordinate of the simplified terrain.
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PROCEDURES FOR ESTIMATENG MAXUMUM P0SS5BLE PRECilPITATION

by

Josepli B. Knox

LI SNTRODUCTiON

By way of introduction, the objectives of this investigation on the estimation of maxi-

mum possible precipitation are outlined as follows:

1. To devise a physical model for estimating maximum possible precipitation over large

watersheds. (In the model devised, the orographic precipitation, the precipitation from

large-scale fields of vertical motion associated with synoptic-scale disturbances, and

the spillover can be quantitatively evaluated.)

2. To describe, in some detail, the geographical distribution of maximum possible pre-

cipitation over a watershed.

3. To develop proper computing methods so that electronic computers may be used to at-

tain these objectives.

4. To apply the model to the meteorological case study of the December 1955 storm in

the Feather River Basin as a verification of the model's capability to specify accu-

mulated precipitation and its geographic distribution.

5. To maximize the parameters of the model, thereby producing an estimate of the maxi-

mum possible precipitation.

Precipitation-producing mechanisms that lead to excessive winter rainfall in California

are (a) orographic lifting, (b) lifting due to large-scale fields of vertical motion (including frontal

lifting), and (c) vertical instability. Great deluges, such as the December 1955 storm in California,

occur through the simultaneous operation of the first two factors for a watershed whose horizontal

area is of the order of thousands of square miles.

In the proposed model, tlie hourly rate of precipitation is a function of a number of me-

teorological variables — (a) the intensity of the wind normal to the mountain range, (b) the avail-

able moisture, (c) the intensity of traveling disturbances, (d) the raindrop size assumed in the model,

and (e) the height of the low-level inversion overlying the Central Valley of California. Once models

of orographic and frontal precipitation are constru' ! d, the parameters representing the five above

physical features are physically or statistically adjusted to extreme values; in this way, a quanti-

tative estimate of the maximum hourly precipitation is calculated.

From the maximum hourly rate of precipitation for both orographic and frontal sources,

we will construct a simple model of the time distribution of the precipitation rate in which the ac-

cumulated precipitation depends not only on the five prior mentioned parameters but also on the

storm periodicity (or the periodicity with which disturbances approach the watershed). To maximize

the accumulated precipitation, the most adverse storm periodicity is selected. With aa electronic

computer GBM 650), we can readily perform the following computations: (a) the detailed geographi-

cal distribution of maximum possible precipitation, and (b) the variation of the maximum possible

precipitation with the assumed raindrop size. The methods to be described later permit the compu-

l-



tation of the distribution of spillover into the leeward basin. In this study, spillover is defined as

that portion of the rain (orographically produced) that falls over onto the lee side of the basin ot

onto a high, flat plateau from the windward side.

To estimate the hourly orographic rate of precipitation, we shall use a two-dimensional

orographic precipitation model, suggested by Professor J. Bjerknes in the 1940's, and adapted for

use in the Sacramento Valley and the Feather River Basin.

The estimated maximum rate of precipitation due to large-scale synoptic processes

shall be calculated using a vertical velocity distribution from a dynamical model of the atmosphere. '

During the last decade dynamical models of the atmosphere have been devised and their uses ex-

plored. This brief experience, supported by diagnostic vertical motion studies, indicates that cal-

culations of extreme rates of rainfall by these methods will be fruitful.

2.1 MODEL FOR OROGRAPHIC RAINFALL

The first step in devising a simple orographic rainfall mudel is the selection of a pro-

file describing the terrain and the topography of the inversion surface over which the moist mari-

time air ascends. A schematic profile nomial to the Sierra Nevada is shown in Figure 1. A sloping

temperature inversion is depicted over the Sacramento Valley. Beneath this inversion, cold air moves

from south to north (or south-southeast to north-northwest) during the approach of a cyclone from

the southwest. Since this shallow layer of air does not impinge on western Sierra slopes, it does

not contribute to the precipitation in basins like the Feather River. Rather, this shallow layer of

cold air is forced to ascend orographically at the north end of the Sacramento Valley, between Mt.

Shasta and Crater Peak, as discussed by J. Bjerknes (1946). However, the air mass that is forced

to ascend the western Sierra slopes is the warm moist air of maritime origin, moving from a west-

southwesterly (or southwesterly) direction. The flow in this warm air mass may be modelled by a

uni-directional flow normal to the Sierra. The sloping inversion over the Sacramento Valley in the

model represents a narrow zone separating the low-level flow parallel to the Sierra from the warm

upper flow normal to the mountains. The inversion slope may be computed from meteorological data,

using the procedure outlined in Appendix A. Since the December 1955 stonn represents an impor-

tant test case for this study, it should be mentioned that the three-dimensional analysis of the wind

field during this storm, described in a recent paper by Myers (1959), confirms the structure of the

orographic precipitation model proposed by Bjerknes (1946). We shall now consider the computa-

tion of the maximum orographic rate of precipitation from a two-dimensional model.

A two-dimensional model of orographic precipitation is constructed following the method

of Bjerknes (1940); however, in addition, the proposed model contains the following features: (a)

a computationally stable computing scheme, (b) a computation of spillover, and (c) a vorticity bud-

get "check" on the proposed steady-state solution.

To devise the model we proceed as follows. Far upwind of the mountain barrier in es-

sentially undisturbed flow, the wind normal to the barrier (designated by u) is known as a function

of height. This wind data serves as information on the inflow boundary for computation of an ap-

proximate steady-state solution of the flow of saturated adiabatic air over the valley inversion and

the mountain barrier. In a manner similar to Bjerknes (1940), we select the following distribution

of vertical velocity,

w (x, z)- w (x, zJ (V2) (1)



in which the vertical velocity, w, decreases by a factor of two cvciy 1000 meters. Coriii>iiM. /. Cl>

with the equation of continuity for steady-state two-dimensional motion (in which tin.- horizonlnl

variation of the density is neglected),

(9x o 'iz
^

it is possible to compute numerically the w (x, z) and u (x, z) distribution for the region of interest.

2.2 THE o, w COMPUTATION

To compute the distribution of the horizontal wind, u, and the vertical velocity, w, in

a vertical plane normal to the mountain barrier, we proceed as follows:

1. Consider the Feather River Basin, shown in Figure 2a. A major part of this basirt can

be covered by three profile strips, each 16 miles in width. The locations of these pro-

file strips are shown in Figures 2b and 2c. Lines 16 miles in length are drawn normal

to the axes of the strips at one-mile intervals along the strips (see Figure 2c). The

average terrain elevations along these lines are obtained, and then are plotted to form

the average terrain p.ofiles (see Figures 3a, 3b, and 3c).

2. The average terrain profiles produced in this manner are still quite complex for com-

putational purposes; for simplification, straight-line segments are fitted to the average

profiles. In this fitting process, the main windward slope is preserved, while minor

features are smoothed. The interior mountain valleys are assumed to be filled with cold

air capped by a horizontal inversion. Figures 3a, b, c show the average terrain heights,

the simplified profile, and the Sacramento Valley inversion for Profiles A, B, and C.

3. To compute the distribution of u and w from Equations (1) and (2) in the vertical plane

along a simplified profile, this two-dimensional space is discretized so that

"„,.„ " <n. 1+ ^:n- (3)

and

zj = jAz, (4)

where x„, is the x-coor3inate (in miles) of the discontinuity in slope at the

beginning of a profile segment,

x„^ 1 is the x-coordinate (in miles) of the discontinuity in slope at the

end of a profile segment,

^^^, is the mesh constant in the x-direction, such that tlie distance

(x,^^ ,
— x^,) is subdivided into n equal intervals,

n is the integer nearest to (x^, ,
- x,„)/2

,

Az is selected as 500 meters,

j
is a positive integer.

-3-



These quantities are illustrated iu the following schematic sketch:

[ 1 o _



the model is selected, the density and its variation with height are known. In this way,

F.quation(7) may be written in the form

§y-^-u. (x)F(x. 2), (8)

where F(x, z) is readily computed.

To illustrate the use of Equation (8) in computing u,(x) on successive verticals, sup-

pose that on the vertical i=l, u,u) and u(l, j) are known. To compute u,,(2), we replace

the differential equation, (8),by a finite difference equation,

u„ (2) - u[l, z, (2)1^-
^ ^-u, (2)Flz, (2)1. (9)

Solving the above equation for u„(2), we obtain

-I

u, (2)=u[l,z, (2)1 |l +<?, F[z. (2)|l . (10)

or a more general form of (10) is

u, (n + 1) . u 1 n, z„ (n f 1) |
jx ^ ^ F [z, (n - l)]! ^1 1)

Once u^(l) and Ug(2) are known, the distribution of vertical velocity on these verti-

cals is computed from Equation (1). For the calculation to be successful, the differ-

ence equation, (1 1), must be computationally stable; the stability of Equation (11) is

discussed in Appendix \i.

5 At this stage of tlie calculation u^(2) und the vertical velocity w(2, z) are known; from

this information and the u, w values on vertical 1, we calculate u(2, z). This is accomp-

lished with the following diftortmce equation,

u(i 4^ 1. j + 1)- u(i, j t 1) _ J_
(pw)„ , ,^, -- (pw).^,

J

l'>,
1

2Az
(12)

6. The calculations outlined in Paragraphs 4 and S (above) are continued until a vertical

of discontinuous terrain slope is reached. With the horizontal wind component u^ known

on this vertical and ignoring the slope discontinuity in the calculation of the vertical

velocity, we obtain

w, ^ u, "S ,

where S is the average slope, '/2(S, + Sj). To compute the remaining vertical veloci-

ties on this vertical, w, is substituted in Equation '1), and the resulting values of ver-

tical velocity are subsequently substituted into (12) in order to calculate the horizon-

tal wind as a function of height on the (i+1) vertical. With the horizontal wind known

-5-



on the (i-tl) vertical, the computing routine begins again with calculations discussed

in Paragraph 4. In this manner, the horizontal wind and the vertical velocity are cal-

culated on successive verticals until the region of interest is covered.

At the conclusion of the u, w computation, one is confronted with the question as to

whether the computing program is error free. To determine this, a series of three checks is set up

to examine the solution:

1. Since the orographic model is assumed to be a steady state, the u, w numerical solu-

tion must, if correct, have no net inflow of dry air into the region between the first ver-

tical and the last (downwind) vertical. In the test problem (composed of over fifty ver-

ticals) the mass outflow of dry air exceeded the mass inflow by three per cent. Both

the sign and magnitude of this error compare well with the estimated truncation error

(of five per cent) discussed in Appendix B.

2. The vertical velocity decreases by a factor of two every thousand meters.

3. The behavior of the first and second differences (in the x-direction) of the horizontal

wind, u, must be orderly, and changes in these differences from one vertical to another

must have a physical basis.

2.3 THE TRAJECTORIES OF PRECIPITATION PRODUCTS

The next problem in calculating the hourly rate of orographic precipitation is the de-

termination of the trajectories of raindrops of a given size where the raindrops terminate their earth-

ward fall at the bottom of verticals in the computational grid. Given the horizontal and vertical

velocities of the air in the model, and the terminal fall velocity of the selected raindrop, an approx-

imate trajectory determination is possible with the following assumptions:

1. The terminal fall velocity of a raindrop of arbitrary shape can be approximated by the

terminal fall velocity of a spherical drop of the same mass.

2. The dependence of the terminal fall velocity on atmospheric density can be neglected.

3. The effect of change of phase of the precipitation products on the trajectory can be

neglected in calculations of maximum possible precipitation.

4. The condensation products are assumed to be large drops of 2100 micron diameter, re-

ported by Byers (1944) to correspond to excessive rain.

Physically, assumptions 3 and 4 maximize the windward precipitation by bringing con-

densation products to the ground quickly.

The oblique raindrop trajectories, shown schematically in Figure 4, define skew-shaped

volumes of air from which the rain is falling onto both the windward and leeward slopes. For exam-

ple, precipitation arriving on the windward slope between X^ and X^ originates from the skew-

slmped volume contained between trajectories T^ and T, shown in Figure 4. The rate at which pre-

cipitation falls on a unit horizontal area from regions of positive vertical motion in the atmosphere

is given by the following expression, derived by Smagorinsky and Collins (1955),

^ (Pi)

Pi - -L /-f>w.5r,, (13)



where r^ is the saturation inixiiit; ratio, 5r^ is Vi\r change in the obturation nixir.j; ratio tiurir.f; I'r.-.:

saturated adiabatic ascent of tlie air through v. pressure interval dp, w is th'j vxTticnl velocity, p

is the density of air, and p^ the density of water. The rate of precipitation, computed from Equation

(13), is subject to the following assumptions: (a) sufficient condensation nuclei are present, (b) no

super-saturation, (c) no super-cooling, (d) no non-adiabatic p'ocesses other than those occurring

from changes in state, and (e) both cloud storage and evaporation, from falling droplets are negligible

compared to P. . The assumptions, with the exception of (d), maximize the rate of precipitation Pj . It

is proposed that the orographic rate of precipitation be calculated by applying Equation (13) to the

skew-shaped volumes terminating on the windward slope, and that the spillover (occurring, for ex-

ample, at vertical X_ in Figure 4), be computed in an analogous way.

To devise a simple numerical scheme for calculating the coordinates of n raindrop tra-

jectory, we proceed as follows. Consider the raindrop of diameter D (where D-2100/i and tlie ter-

minal fall velocity W = 6m/s) that strikes the terrain at the i-th vertical (see Figure 5). Suppose

we designate the height of the intersection of this raindrop trajectory on the (i-1) vertical by

In addition, two hypothetical drops, whose trajectories are shown in Figure 5, are of interest; name-

ly, (1) the raindrop passing through the (i-1) vertical at height z^ and striking the terrain at the i-th

vertical, and (2) the raindrop passing through the (i-1) vertical at the height z, and striking the ter-

rain at the i-th vertical. These two raindrops are of quite different size; from their fall velocities rela-

tive to the earth, designated by W^ and Wj , the corresponding terminal tail velocities VV^ and W,

are computed from the u, w solution as follows:

"(W„ =0=% w[i, z„ (i)| t w[.--l, z, (i)l +W„ (14)

and

V,' = 'A /w[i, z, (i)l t w[i-l, jUl
I

-t W, (15)

where

W. [zG^l)-2. (i)l/Atj, (16)

and

At, = '̂/v. |u[i. Z3 (i)i t u[i-i, i+n (17)

Once Wj and Wj, are calculated, we determine if W^ (selected as 6 m 's) lies between '.V arid W,

If |Wq I<|VVJ-.|W,|, then z (i-1, i) may be calculated from the divided difference formula.

.o(i-l,0 = z„._^HWJ_
|Wi| -

I
Wo

I

z + 1) - Ẑo (18)

-7-



In the event W exceeds the magnitude of both W and W^ , then the calculation on the (i-1) vertical

is repeated using hypothetical raindrops passing through the levels (j+1) and 0+2); then

zi,(i-i, i) = za+i)+ ^~'^^''

|vv,| -|w,| L

(j+i)|z(J+2)-z(j+l) (19)

Once the height of this trajectory on the (i-1) vertical is calculated, we repeat the computation in

order to determine z (i-2, i-1). Equations similar to (18) and (19) are used for this purpose; for ex-

ample,

z (i-2, i-1) = z (i-1, i) + 6-|Wzp(.-,.i)| _ r
(i_i_ i)l

°
(20)

= zp (i-1, i) + |8 (i-2) [z,+ J - z^ (i-1, i)l

,

where

|Wz^ (i-l.l)l<|WD|<|Wj,5|.

This portion of the machine program (designated as the trajectory subroutine) calculates and out-

puts (a) the raindrop trajectory by tracing the locus of the intersection of a given trajectory with

successive verticals, and (b) the interpolated value of vertical motion at these intersection points.

The calculation of a particular trajectory ceases when it intersects the isobaric tropopause in the

model.

The computational stability of the trajectory routine may be examined in the following

way: Equation (20) is of the form

Zj, (i-k-1) = A (i-k) z„ (i-k) + B (i-k).

If the index k=i, 2 ... k, we obtain the following set of equations;

z^ (i-2) = A (i-1) z^ (i-1) + B (i-1)

Zj, (i-3) = A (i-2) zj, (i-2) + B (i-2) = A (i-2) [ A (i-1) z^ (i-1) + B (i-1) 1 + B (i-2)

Zo (i-4) = A (i-3) z^ (i-3) + B (i-3)

= A (i-3) A (i-2) / A (i-l) Zp (i-1) + B (i-1)] + B (i-3)

Zq (i-k) = A (i-k+1) Zp (i-k+1) + B (i-k+1)

= Ia (i-k+1) A (i-3) A (i-2)| /a (i-1) Zp (i-1) + B (i-1) | + B (i-k+1)



The functions A and B, coniir tide from u, w, nre i.,;,.". .-kd us known in tlir nhovt .sc.. i-

i

last equation in the set, the influence of an ertor S;

trajectory height at the (i-k) vertical is computed as

last equation in the set, the influence of an ertor Sz (i-1), introduced on the (i-l) vertical, on lU..

Szp (i-k) = JA (i-1) A (i-2) A (i-3) A (i-k+l)| ^z^ (i-1) . (21)

The error propagated to the (i-k) vertical is less than (or equal to) the error introduced on the (i-1)

vertical if all the values of A are less than or equal to one in magnitude. From Equation (20), it can

be seen that if |/3|<1, the magnitude of A (i-ktl) is less than or equal to one. In this case the pro-

pagated error becomes smaller (or remains the same) as the calculation jsroceeds from one vertical

to the next. Hence, the trajectory computing routine is stable.

An illustration is shown in Figure 6 of raindrop trajectories computed for verticals No.

36 and No. 55 on Profile A in the Feather River Basin. Consider the trajectory intersecting the

terrain at vertical No. 36. On the portion of the trajectory between the points A and B the orogra-

phic component of vertical motion produces (in the model) precipitation products falling earthward

ut a known terminal fall velocity. Similarly, on the trajectory segment CD forced orographic ascent

provides additional precipitation, which (in the model) also falls along this trajectory.* However,

on the trajectory segment EF the orographic component of vertical motion is zero; no new orograph-

ic precipitation products are formed in the air parcels momentarily located on this segment. But

those precipitation products formed on the trajectory between A and E free fall along EF, striking

the giound at the 36th vertical. The precipitation deposited on the ground at vertical No. 36 is (as

we have previously defined) spillover. Precipitation deposited on the ground upwind of vertical

No. 36 (for example, verticals 21 through 34) is the familiar orographic precipitation on the wind-

ward slope.

2.4 THE RATE OF OROGRAPHiC PRECIPITATION

The rate of orographic precipitation on the windward slopes and the spillover are readi-

ly computed from Equation (13) with the data from the trajectory subroutine. Figures 7a, b, and c

show the hourly rate of orographic precipitation calculated for the storm of December 1955. as h

function of x for tenninal fall velocities of 4, 6, and 8ni/s on Profile A. The precipitation rate on

the windward slope is, of course, the greatest for the largest terminal fall velocity, 3m/s, while

the precipitation rate on the lee slope, or the spillover, is the largest for the 4m/s tenninal fall

velocity. Since the field of vertical vi^locity is the same in all three cases, and the condensation

rate in the free atmosphere is thereby the same, the change in rainfall intensity is only a matter

of redistribution of precipitation products.

2.5 THE VORTICITY BUDGET CHECK ON THE u, w SOLUTION

In calculating the u, w solution for the orographic rate of precipitation, we have used

only the y-component of the equation of motion. One possible check on the proposed u, w solution

is to ascertain how well the proposed solution satisfies the x- and z-components of the equation of

* It should bi! noled Ihiit in the computation of the w-fifl>l ulong a vertiuul at a terroiii-slope dlsconUnuhy un
avumi^e of the slope on both sides of tliis veiti'-al is used; thus, between verticals 32 and M and between
verticals 31 and 35, the spillover idmputation uses positive w-values on verticals .^2, 3.1, and 34. Orov;raphic
preciplt.itiim is, by virtue of this appruximiition, produced along trujeclory segments UC and DE, even thcui.-h

these set;mt?!its lie above Mat terrain.
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motion. These two component equations car. be replaced by a vorticity theorem for the motion in

the X, 2 plane for steady-state conditions,

V . (qv) = A (uq) + A (wq) = .

where q is the vorticity of the two-dimensional motion in the x,z plane,

q = £u_ _ 5w

By means of Gauss' Thaorem, given in Holrrboe (1944), the above steady-state requirement on the

vorticity q is

Eq = Jv • :(q v) 6A = /q v • id n

oi the net export of vorticity, E , through a closed curve bounding the area A must be zero. We shall

now compute the export of vorticity for a series of small areas (Az^ on Profile B. By examining the

E field afterwards, we will be able to discover the manner in which the steady-state solution aif-
q

fers from the proposed u,w fields.

For the storm of December 1955, the net export of vorticity, E^, is computed for the

small areas shown in Figure 8. The products uq and wq are plotted in the figure. It should be noted

that (a) E is negative in all the areas computed, (b) both contributions to the convergence of qv

are negative, (c) the computed E is small compared to the large contributions to the export, and

(d) the computed E^^is of the same order as the small contributions of wq to the export. It is clear

that in the 1000-meter to 1500-meter layer that we are somewhat removed from a steady-state solu-

tion. From the computed E„ field we are able to find the proper behavior of u,w in this layer. To do

this, we shall first simplify the u-profile on verticals 18 and 25 as shown in Figure 8. Suppose g^
(uq) remains negative in the region under the u-profile kink (at 1000 meters); we could thar ask

what distribution of w is required in this layer to balance the vorticity budget. It is readily seen

that to achieve vorticity balance (under the profile kink) the vertical velocity must increase with

height up to the u-profile kink.

This latter result obtained by physical inference is supported by a theoretical study.

Using the analytical results of Doos (1958) and methods similar to Holmboe (1953), the author has

studied steady-state, two-dimensional flow in an adiabatic atmosphere,* containing a double Cou-

ette flow profile, and bounded (above and below) by rigid planes (see Figure 9). The result of the

analysis shows that the vertical velocity increases upwards to the sinusoidal interface between

the two Couette flows, and that the vertical velocity decreases with height above the interface.

Estimates made from this theoretical model indicate that vertical velocities at the sinusoidal in-

terface are of the order of 1.1 to 2.0 times the vertical velocities on a sinusoidal upwind slope,

for conditions appropriate to the December 1955 storm.

Since we have demonstrated a probable departure of the proposed vertical velocity

from reality, we should pause and consider the principal sources of error for the orographic rate of

• An adiabatic atmosphere Is a "n'.odel atmosphere" in which the potential temperature, 6, is independent
of the three space coordinutus.
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precipitation. The principal sources of error are: (a) the z-dependency of the vertical velocity, (b)

the assumed homogeneously large raindrop size, and (c) the neglect of the effect of change of state

on the trajectory of the precipitation products. The effects of these errors on the orographic rate

of precipitation are as follows:

1. The assumption that w halves every one thousand meters underestimates the rate of

precipitation in the layer under the u-profile kink.

2. The assumption of homogeneously large raindrop size overestimates the steepness of

the trajectory, and hence overestimates the rate of precipitation.

3. With the neglect of the effect of change of state on the trajectory of precipitation pro-

ducts, the assumed terminal fall velocities of 4, 6, and 8 m/s exceed the snowflake

terminal fall velocities of 0.5 to 3 m/s, reported by Douglas, Gunn, and Marshall (1957).

Since snow traverses a trajectory more nearly horizontal than assumed, by overesti-

mating the upper trajectory slope we in turn overestimate the orographic rate of pre-

cipitation.

It is quite possible that these contributing errors nearly compensate, or cancel, one

another. The capability of the proposed model and methods to specify accumulated precipitation

distributions can be determined empirically in meteorological case studies. The necessary com-

putations can be readily performed with the electronic computing program developed. When the

capability of the model to specify accumulated precipitation (or rate of precipitation) is confirmed,

the parameters of the model can be maximized to obtain the estimated maximum possible precipita-

tion.

3.1 THE MODEL FOR RAINFALL FROM LARGE-SCALE SYNOPTIC DISTURBANCES

Since the development of weather forecasting by dynamical methods, models depicting

the evolution of large-scale disturbances have been proposed in which the rate of precipitation (due

to large-scale vertical motion) can be computed. This evolution is physically governed by the prin-

ciple of conservation of mass, the first law of thermodynamics, and the three equations of motion.

Once the differential equations expressing these principles are "tailored" to describe synoptic

(or large) scale disturbances, a partial differential equation in vertical velocity is obtained [see

Eliassen (1955, 1957) and Smebye (1958)]. The adequate solution of the complete partial differential

equation for the vertical velocity in three dimensions has not yet, to the author's knowledge, been

achieved. However, Sm&gorinsky and Collins (1955) and Smebye (1958) have reported on the use of

a two-level model for the calculation of vertical velocity and the prediction of precipitation. By

maximizing the physical parameters in the two-level model used by these investigators, we may ob-

tain an estimate of the extreme precipitation rate from large-scale processes. In one case study of

precipitation prediction involving both showery and large-scale precipitation, it was shown that the

predicted precipitation was in good agreement with the observed average in zones defined by the

predicted isohyets.

The vertical velocity distribution, as mentioned, may be obtained from the two-level

model, Charney and Phillips (1953), and Sawyer and Bushby (1953). In the two-level model it is as-

sumed that the individual rate of cbaaee of pressure on an ascending air parcel, (y(p) = dp/dt, is

<a(p) = fj(500)(l_„2),
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or the vertical velocity is

^(),p(500)w(500)(i_^2-,^ (22)

p(p)

where p(p) is the density as a function of pressure,

p(500) is the density at p=500 millibars,

w(500) is the vertical velocity at 500 millibars.

and

1000 -2p
1000

The vertical velocity at the 500 mb level in the two-level model may be computed from synoptic

maps with the following expression given by Gates (1958),

Wj^o = -(0-150) I3 /^C (cm/sec), (23)

where I = the change in temperature (°C) measured normal to the isotherm over an interval

of 3 degrees of latitude,

and A^ = the change in vorticity (in units of 10~ sec" ) measured over a distance of 3

degrees of latitude along the isotherms.

With the substitution of Equations (23) and (22) in Equation (13), we can compute the rate of pre-

cipitation from large-scale synoptic disturbances.

In this study, we will examine two methods of computing maximum possible precipita-

tion. The first method uses the simultaneous maximization of the orographic and frontal precipita-

tion, designated by P and P., respectively. The second method, however, maximizes the orographic

precipitation P , but replaces an extreme value of Pj (which might be artificially large) with a value

of Pf that could reasonably be expected during the storm type characterized by extreme orographic

precipitation. Because these two methods give very different estimates of the maximum possible

precipitation, they are of paramount interest.

In the first method, it is proposed that by computing the synoptic-scale vertical velo-

city field in disturbances of extreme intensity (such as the famous "Thanksgiving Storm", Novem-

ber 1950 in eastern United States), we may obtain estimates of the extreme vertical velocity fields

and Pj accompanying large-scale synoptic disturbances by "transposition". The calculations have

been performed from the weather maps of the November 1950 storm (these maps are available in the

author's map file). These calculations of extreme large-scale vertical velocity and P, may serve

as a basis of comparison with the December 1955 storm in California. The vertical velocity at 500

mb, the date of the storm, and the hourly rate of synoptic-scale precipitation, Pf (for a saturation

potential temperature of 70°F), are listed below in Table 3.1 for reference.

Table 3.1

The Hourly Rate of Synoptic-Scale Precipitation

Storm Dote w (500 wb) Pf (forl9^=70°)

December 1955, California 11.2 cm/sec 0.12inch/hr

November 1950, Eastern

United States 39.0 cm 'sec 0.41 inch/hr
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A more detailed discussion of the methods of estimating the m^iximum possible precipitation is given

in Section 7. 1.

4.1 A MODEL OF THE TIME DISTRIBUTION OF THE PRECIPITATION RATE

An inspection of the time distribution of the precipitation records in the Feather River

Basin during the December 1955 storm shows that moving frontal disturbances produce a "periodic"

rate of precipitation. This appearance of precipitation records is quite normal, as this storm type

is marked by a strong southwesterly basic current in which frontal waves propagate, as discussed

by Weaver (1959). The construction of a model of the time distribution of the precipitation is a sepa-

rate problem from that of determining the maximum hourly rate of precipitation; however, quantita-

tive estimates of the maximum hourly rate of precipitation on the computational verticals shall be

used in constructing the time distribution of precipitation. In connection with the time distribution

model it should be mentioned that the saturation potential temperature 9^ , the horizontal wind, and

the frontal component of vertical motion are no longer independent of time. In the time distribution

model, we shall examine the effect of storm periodicity on the amount of precipitation deposited at

a given location in the time interval of tj. For this study the instantaneous rate of precipitation,

P (xi, t), on the vertical designated by Xj is represented by an idealized sinusoidal function bear-

ing resemblance to recorded rates of precipitation,

f'"'^
(24)

/2fft\

P(Xi_ t) = P(x,) + ^P(x,) cost—).

which we shall designate as "Distribution I". Here,

P(Xi) is '/3(P„„ + P„i„) at the location x,,

AP(Xi) is V3(Pn,ax - Pmin) at the location Xi,

Pmsx *^ ^^^ maximum hourly rate = P^ + Pf

,

^min *^ ^^^ minimum hourly rate adopted for the storm,

P^ is the hourly rate of orographic precipitation,

Pf is the hourly rate of frontal precipitation,

T is the period of the time function used to describe the rate of precipitation,

t is time.

Upon integration of P (x^, t), the depth of precipitation falling at x, during t, is

2n \ T
P(x., t,) = P(X;)t, +^P(x,)_Lsinf^!Lj_\ . (25)

We shall now consider the periods for whicii the depth of precipitation '^ (x,, t,) is a

relative maximum. Differentiating P (xj, t,) with respect to T, we obtain a transcendental equation

in the period T,

x..cotf£:[ii\, (26)

2,,.,

which can be solved for the adverse periods that deposit relative maxima of accumulated precipi-

tation during the period ti . If ti equals 72 hours, the adverse periods are 13.7, 17.0, 22.2, 32.2,

and 58.5 hours. Of these adverse periods, the longest one listed (58.5 hours) is the most adverse.

Certain periods are excluded from this list; namely, those too small to be of significance for large

watersheds, and the physically unrealistic infinite period.
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However, in the event hydrologists are interested in a time distribution of the precipi-

tation rate with a minimum at the time origin, consider the following rate of precipitation,

P (xj. t) = P (Xj) - AP (x,) cos /M\ (27)

which we shall call "Distribution 11". For this second distribution, the adverse periods are also

determined by Equation (26) and, for t^ = 72 hours, are 15.1, 19.2, 26.3, 41.5, and 100.6 hours. It

has been suggested by Burns (1959) that for application to some watersheds, the time interval 1 1 be

made equal to the "time of concentration" [defined as the time period required for all parts of the

drainage basin to contribute their quotas of stream flows, Meinzer (1942)1. If in Equation (26) t, is

selected as the unit of time, then designating

X
t.

we obtain the following form of Equation (26),

JL = cot /il\ (28)

2»r \ rj I

The graphical solution of Equation (28) for values of 77 corresponding to the adverse periods of pre-

cipitation distributions I and II is illustrated in Figure 10, and the results of this calculation are

tabulated in Table 4.1. For convenience we will repeat the definitions of distributions I and II:

Distribution I is P (xj, t) = P (Xj) f \P (xj) cosf^j ,

Distribution II is P(x,, t) =^ P(x,) - \P(x,)cosf^| .

Table 4.1

Values of 17 Corresponding to Critical Periods
for Maximum Precipitation in the Interval t^

71 JJa '?3 'V4 I5

Dist. 1 0.1902, 0.236, 0.308, 0.447, 0.813, <«

Dist. II 0.2103, 0.267, 0.365, 0.576, 1.397

The largest physically reasonable values of rj for precipitation Distributions I and II are under-

lined in Table 4.1. However, it should be mentioned that in the case of Distribution I, precipita-

tion patterns of period 2.25 tj and longer have precipitation totals that exceed those for rj=.813;

in fact, as T -"ix) in Equation (24), we obtain upon integrating with respect to t j

,

P(x,, t,) —_. F(x,)ti +lPt,, (29)
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which corresponds to the maximum hourly rate of precipitation persisting for the entire duration of

t,. This limiting case, given by Equation (29), gives unrealistically high estimates of P(x,, t,),

since in a strong southwesterly basic flow, the frontal waves are rapidly moving. For this reason,

the underlined values of t; correspond to more realistic estimates of P(xp t,).

In nature, the time distribution of the hourly precipitation rate will never be a simple

sine (or cosine) curve; rather, the representation of the hourly rate of precipitation may require a

continuous spectrum, in which will be the periods corresponding to the critical ones. The total pre-

cipitation resulting from a complex time distribution of hourly precipitation is, however, less than

the total precipitation resulting from the presence of the most adverse period alone, provided the

maximum hourly precipitation in the two cases is the same.

Consider the simple case in which only two periods describe the time distribution—the

most adverse period, T^,, and any other period, T^ (such that T > Tj ). The total precipitation,

Pj , at X, during the time interval t, is

P^(x,.t,) = V(x,)t,+^P^(x^)JsLsm(Mi]^^P^(x,) Jl sin
f^!!:^^

.

2b \T^J 2ff \ "^2
/

Subtracting R, from Equation (25) and assuming that the maximum hourly rate of precipitation is

the same in the two idealized "storms" [that is,AP(x,) = AP^,(x,) + APj (x,)] , we find

P-P, = APj

Since, by assumption, T^ > Tj and sin (2 n tj/Tj.) = 1, it is seen that Pj equals P only if APj is

zero. Under these conditibns, the practical result is that the total precipitation at x, during t, is

a maximum for a simple sine distribution corresponding to the most adverse period.

5.1 THE CASE STUDY OF DECEMBER 1955 - THE FEATHER RIVER BASIN

In order to test the capability of the model to specify accumulated precipitation and its

geographic distribution, we shall apply the model to the December 1955 storm.

This storm is marked by three periods of intense rainfall occurring at times nearly coi^

responding with upper air observations on (a) 1500 GCT, 19 December, (b) 0300 GCT, 22 Decem-

ber, and (c) 0300 GCT, 23 December. From these observations, it is possible to measure (or else

compute) the parameters entering the models for orographic precipitation and frontal precipitation.

The observed parameters are (a) the saturation potential temperature at 850 mb, (b) the observed

wind for Oakland (and in particular the wind at 850 mb), (c) the height of the Central Valley inver-

sion, (d) the slope of the valley inversion, and (e) the vertical velocity at the 500 mb level as de-

termined by the two-level prediction model. The extreme value of each of these parameters found

in the December 1955 storm is tabulated below:
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Table 5.1

Maximum Values of Meteorological Parameters —

December 1955 Storm

Ot at 850 mb ; 70 °F

u at 850 mb
.

;• 65 knots

Inversion height at -beginning of
profile stripy,,., ,,^ 364 m

Inversion slope ,/'V 0.001

w (at 500 mb) 11.2 cm/sec

No correction for adverse storm periodicity is used in the December 1955 stoim since

power spectrum analysis of the precipitation records at Brush Creek (a representative recording

precipitation station on the windward slope) shows no evidence for significant spectral maxima at

the critical periods. To eliminate the adverse periodicity correction from our study of this storm,

we set T^=48 hours in Equation (25); thus, the contribution of the periodic term in Equation (25)

is zero.

With the substitution of the above values of the parameters (shown in Table 5.1) into

the models discussed in Sections 2, 3, and 4, we obtain, by machine calculation, the 72-hout ac-

cumulated precipitation as a function of x on the three profiles of the Feather River Basin. Figures

11a, lib, and lie represent the calculated 72-hour isohyetal maps, corresponding to terminal fall

velocities of 8 m/s, 6 m/s, and 4 m/s, respectively (where P„j„ in the time distribution is zero,

and P, is 0.12 inch per hour). The calculated 72-hour precipitation amounts are plotted at each

vertical for the three profiles.

Consider the 72-hour precipitation pattern computed for a terminal fall velocity of 8

m/s. In this precipitation pattern, the orographic maxima stand out most dramatically; namely, along

the western slope of the Sierra Nevada and to the rear of the basin on Profiles A and B. The lar-

gest 72-hour totals occur, of course, on the windward Sierra slope, since the assumed "large-sized"

precipitation falls quickly from the moving air parcels. Spillover from the windward Sierra slope

ceases on Profiles A and C near Mountain Meadows Reservoir and Last Chance Creek (located re-

spectively at miles 92 and 95)—here the precipitation is frontal. However, on Profile B spillover

and/or direct orographic precipitation exist the whole length of the profile, making the precipita-

tion shadow less marked on Profile B than on Profiles A and C. The precipitation maxima at the

northeastern ends of Profiles A and B are produced by ascent over a small, sharp rise in terrain

on the basin rim.

As the terminal fall velocity of the raindrops is decreased, the spillover into the up-

per Feather River Basin increases at thi^ WlUpense of the orographic maxima on the windward slope.

By extrapolating the isohyetal pattern to the portions of the leeward basin excluded from the cal-

culation, the total basin precipitation increases slightly as the terminal fall velocity decreases.

This is understandable in terms of the increased spillover and the geometry of the basin, in which

the area of the "leeward" basin exceeds that of the "windward" basin significantly.

The observed 72-hour precipitation pattern for the December 1955 storm (for the period

ending 0700 PST on December 22, 1955) is shown in Figure 12. A comparison of the computed pre-

cipitation patterns with the observed pattern gives the following salient points:

1. The observed precipitation pattern is not as detailed as the computed pattern; this a-

rises from the sparce density of precipitation stations. It should be noted that only

one precipitation station is located in a computed precipitation maximum. Because of
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the large interval between the precipitation stations, many of the features in the com-

puted pattern can not be directly confirmed. (The features might be confirmed, however,

with the addition of a few new strategically-located precipitation stations.) The pre-

cipitation maximum to the rear of the leeward basin is unobserved by the current pre-

cipitation network.

2. The calculated pattern for the December 1955 storm with a raindrop terminal fall velo-

city W = 6 m/s compares quite well with the observed pattern for the portion of the

basin covered by the profile strips. It should be noted that there exists reasonable a-

greement between the observed basin average precipitation (10.1 inches) and the cal-

culated basin average precipitation (11.8 inches).

3. On windward slopes, the precipitation maxima in the observed pattern are smaller than

in the predicted pattern. The observed precipitation may well be underestimated due

to: (a) the influence of terrain slope on the precipitation catch as reported by Lands-

berg (1957) and Hamilton (1954), (b) the non-vertical fall of raindrops through the air

above the rain gage, (c) the exposure of the gage, and (d) the intensity of the air flow

past the rain gage. Using Hamilton's equation to estimate the precipitation measure-

ment error, it is possible that the observed precipitation on upper windward slopes is

underestimated by 20-30 per cent. In view of this possibility, the computed windward

maxima appear to be quite acceptable.

4. Certain observed precipitation amounts may be seen to differ considerably from the

computed amounts for the same location. In this regard, the following stations—Storrie,

Strawberry Valley, BuUards Bar, and Greenville—should be checked for exposure of

the rain gage and representativeness of the local terrain slope, in order to determine

if there is any obvious reason for the discrepancy.

From the test case of December 1955, we conclude that the simple physical models

proposed and the numerical methods employed are able to compute the rainfall distribution for a

given intense storm. In the next two sections we shall consider the maximization of the parameters

of the model in order to estimate the distribution of the 72-hour maximum possible precipitation for

the Feather River Basin.

6.1 THE "NEAR-MAXIMUM" STORM

The purpose of this section is to obtain the distribution of the 72-hour precipitation

in the Feather River Basin by estimating the extreme values of all parameters in the model with

the exception of the horizontal wind field; this precipitation distribution is designated as the "near-

maximum" storm. In the "near-maximum" storm, we will assume the horizontal wind field is that

of the December 1955 storm. The parameters to be simultaneously maximized are given below with

their estimated extreme values, and comments concerning their selection.

1. The critical periodicity of the synoptic-scale disturbance for the "near-maximum"

storm is selected as 59 hours for the time distribution No. I. A critical period of 59

hours corresponds to the most adverse frequency short of a period of 162 hours or longer.

2. The saturation potential temperature of the moist tropical air mass (i.e., the air mass

above the low-level inversion) is selected as 74°F. This extreme value of the satura-

tion potential temperature exceeds the value of d for the December 1955 storm by four

degrees. To estimate the maximum value of we will consider data concerning the
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extreme ran^e in sea surface temperature in winter for particular months and for one-

degree intervals of latitude, as compired by Bemett (I^zpQ. Although the sea surface

temperature data cited is for the southern hemispheric winter, by selecting a latitude

corresponding to the latitude of the northern hemispheric tropical source region (like

20° North), we can obtain an estimate of the range of for maritime tropical air in

its source region. Palmer (1958). The interval between extreme sea surface tempera-

tures in degrees Fahrenheit is shown below for the months of June, July, and August

at 20°S latitude, from Bernett (1944),

June July August

e,op 6°F T^F

From this data, the saturation potential temperature of maritime tropical air could be

as much as three or four degrees higher than that in the December 1955 storm, or0, =

74°F. This latter value exceeds (by one degree) the highest value of 0^ at 700 and 850

mb during December (irrespective of wind direction) as reported from ten years of upper

air data for Oakland, California (1946-1955), by the U. S. Weather Bureau (1958).

3. Assume P (the minimum hourly rate of precipitation in the time distribution model)

is 0.05 inch per hour.

4. The terminal fall velocity of the precipitation products is maximized at 8 m/s, since

this selection places the largest precipitation amounts on the windward slope where

it is available for rapid surface runoff.

5. The frontal hourly rate of precipitation is assumed to be twice that of the December

1955 storm. [The validity of this assumption could be tested by the application of

Equations (22) and (23) to the extreme cases of precipitation associated with SW storm

types during the decade (1946-1955).!

The 72-hour isohyetal map for the "near-maximum" storm is shown in Figure 13. The

geometry of the pattern is similar to that in Figures 11a, b, c, which have been discussed in de-

tail; however, the depths are significantly larger than in the December 1955 storm.

Once the 850 mb horizontal wind speed is maximized, the next step is to scale the

"near-maximum" isohyetal map to this extreme wind condition. The question of how to scale the

"near-maximum" storm to the estimated maximum possible storm is considered in the next section.

7.1 THE ESTIMATED MAXIMUM POSSIBLE STORM

Suppose we define the maximum possible storm as the largest accumulated precipita-

tion that can reasonably be expected to occur for a given watershed during a 72-hour period. The

specific problem considered in this section is that of reasonably scaling the "near-maximum" storm

to the maximum possible storm. We shall proceed in three steps: (a) the estimated maximum possi-

ble storm will be calculated by simultaneously maximizing all the parameters in the model, (b) a

critique of this procedure will then be offered, and (c) a more reasonable method of scaling to the

maximum possible storm will be proposed.

The simultaneous maximization of ail parameters in the model may be achieved in the

following way; if the 850 mb extreme wind exceeds the 850 mb wind used in the December 1955

storm by a factor C, and if it is assumed that the wind at all levels is similarly scaled, then the

orographic precipitation scales by a factor of C. In addition, if it is assumed that the perturbation
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vorticity is the same as in the "near-maximum" storm, the frontal contribution to the precipitation

also scales by a factor of C. Under these conditions, the isohyetal map of the estimated maximum

possible storm (as well as the mean depth of water applied to the basin) can be produced by multi-

plying the isohyets of the "near-maximum" storm (or its mean depth of water) by the factor C. An

adaptation of Gumbel's extreme value theory, reported by Gringorten (1959), enables us to compute

the extreme wind at 850 mb for periods of 50, 100, and 500 years. The results of the calculation,

with a 95 per cent confidence limit, are tabulated below with the corresponding scaling factor C.

The simultaneous maximization of all parameters leads to the 72-hour accumulated precipitation

(Column 4 below) for the portion of the Feather River Basin covered by the profile strips.



The change in P^ is equal to -0.255 inch per hour,* so that the change in P(x,, 72) is -10.36 in-

ches. So, to obtain the 72-hour isohyetal map of the maximum possible precipitation from the "near-

maximum" storm, we use

P (x., 72) = 1.56 P (x,, 72) - 10.36.
max ^i' ' n.max^l (30)

The resulting estimated 72-hour maximum possible precipitation for the Feather River Basin (e.g.

those portions covered by the profile strips) is reduced from 32.5 inches to a more reasonable esti-

mate of 22.1 inches. The corresponding 72-hour isohyetal map of the maximum possible storm for

the Feather River Basin is shown in Figure 14.

The numerical results obtained in this study for the Feather River Basin are shown in

Table 7.1; the upper part summarizes the 72-hour accumulated precipitation for the portion of the

basin covered by the profile strips. The lower part of Table 7.1 gives the results extended to cover

the entire basin. The estimated maximum possible 72-hour storm (extended to the entire Feather

River Basin) has a mean basin depth of 19.3 inches. This result is ten percent less than the pre-

liminary (December) estimate by the Hydrometeorologica! Section of the U. S. Weather Bureau (un-

published paper, March 1959).

Table 7.1

Average 72-Hoor Precipitation
Feather River Basin

Storm
Terminal



1. A physical model and numerical methods have been devised for the computation of maxi-

mum possible precipitation produced by orographic ascent and large-scale synoptic pro-

cesses over large watersheds;

2. The spillover and its geographical distribution can be calculated with the assumption

of uniform but extreme drop size;

3. The application of the model and the computing methods to the December 1955 storm

shows the capability of the model in describing the distribution of precipitation over

a large watershed like the Feather River Basin;

4. The 72-hour isohyetal map for the "near-maximum" storm has been calculated; this

isohyetal map maybe simply scaled to the estimated maximum possible storm by means

of the "wind scaling" factor C and Equation (30);

5. A machine program now exists so that the distribution of maximum possible precipita-

tion over a given large watershed may be computed, given the geometry of the terrain

in simplified profiles, the extreme values of certain meteorological parameters (enum-

erated in Table 5.1), and the critical period T^- (t,).

It should be stressed, however, that the model and the machine program should not be applied to

watersheds in regions where the major precipitation results from intense convective activity. In

such regions, the extreme value and duration of high intensity precipitation of small spatial scale

must be estimated in other ways.

Certain limitations in the methodology of this study exist and represent areas for future

endeavor. First, no completely adequate method currently exists for computing the three-dimensional

spatial distribution of vertical velocity of large-scale atmospheric disturbances; however, future

basic research may furnish the necessary computing methods and meteorological case studies. Sec-

ondly, a statistical study of the annual extreme vorticityin southwesterly type storms (in California)

is needed in order to insure that this parameter is maximized consistently in the proposed model.

Thirdly, the assumption that condensation products form in a uniform, large drop size is physically

unrealistic; however, this assumption maximizes the precipitation on the windward slope.

It may well be appropriate to outline, briefly, areas in which future hydrometeorological

research would be advantageous:

1. The capability of the proposed model to delineate the distribution of 24- to 72-hour pre-

cipitation should be tested in other hydrometeorological case studies.

2. In computing the wind scaling factor (using Gumbel's theory of extreme values) the

sample of annual extremes numbers only thirteen; because of the small sample size,

the scaling factor may be overestimated. We may be able to increase the size of the

sample by applying the model diagnostically to the extreme annual storms for the past

20 to 50 years.

3. A statistical study of the annual extreme value of vorticityin southwesterly type storms

is needed to insure that the vorticity is maximized consistently.

4. A power spectrum analysis of the hourly precipitation in several major storms should

be performed to determine the relative importance of different frequencies to total pre-

cipitation, and to aid in the extrapolation of the results from large watersheds to water-

sheds of small area.
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5. Sea surface temperature anomalies should be studied on a monthly basis in order to

determine their magnitude, spatial extent, and time duration; work of this type is being

performed by Mr. J. F. T. Saur and Mr. L. E. Eber of the Bureau of Commercial Fish-

eries, Biological Laboratory, Stanford University. Liaison with this group may well

be advantaeeous.

6. Since the proposed model for predicting the "maximum possible" precipitation results

in an isohyetal map of greater detail than can be dbserved in the Feather River Basin,

it would be interesting to increase the density of precipitation stations in this basin.

The purpose of such a program would be to verify the features in the predicted isohye-

tal maps (for southwest storm types) that are currently unobservable.

7. To facilitate future applications of the code to other basins and to meteorological

case studies, a manual for computers and programmers might be profitably prepared,

describing the input, the operations required between computing phases, and the pro-

gram structure.
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APPENDIX A. THE COMPUTATION OF THE TOPOGRAPHY OF THE SACRAMENTO VALLEY
INVERSION

The topography of the inversion, overlying the Sacramento Valley, may be calculated

as follows. Consider the (x, z) profile, through verticals A, B, and C, shown in the following figure:

z

B

Schematic Sketch of Height Relationships used for

Computing Inversion Slope

At the vertical B, a radiosonde station reports wind, temperature, pressure and mixing ratio as a

function of height. From this data the inversion height on vertical B is known. Above the inversion

the wind is normal to the mountains in the model; thus, the intersection of the isobaric surface with

the (x, z) plane, above the inversion, is horizontal. Let p(z) denote the density below the inver-

sion, and p'(z), the density above; then the station pressure at C is

P = P
c c

(Zj) + /p'gSz+ fp gSz , (A.l)

and the station pressure at A is

Pa=Pa(=^

' / r
,) + /pg^z = P^ (Zj) + /pgSz + I pg^z (A. 2)
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Subtracting (A. I) from (A. 2) we obtain

''a
"" Pc ^ JCp-^) g5z - ypgSz .

From the above equation the vertical distance (z — h„) is
! C^

2, -h
1 c (p-p')g

Pa -
Pc +ypBSz
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APPENDIX B. THE COMPUTATIONAL STABILITY OF THE FINITE DIFFERENCE APPROXI-

MATION IN SECTION 2.2

In this appendix we shall explore (a) the stability of the finite difference approxima-

tion. Eauation (11), and (b) the error introduced into the solution by the replacement of the partial

differential equation, (8), by the finite difference equation, (11). The finite difference equation, ap-

proximating the first order differential equation, is said to be stable if the error introduced on i-th

vertical is not percentually increased when propagated along the constant level z to the (i-t-1) ver^

tical. To test the stability we proceed as follows: consider Eauation (8)

4iL = -u,(x)F(x, z). (8)
dx

For a segment of the simplified profile the slope of the terrain is known, between the i and the (i-t-1)

vertical, and the above equation is of the form

^ = - Au
,

(9x

whose solution is

u = u<,e-^', (B.l)

wnere u^ is a constant determined by boundary conditions. The solution to the finite difference

equation, (11).

"i+i - Ui = - ^Au,+
j , (B.2)

is found by substituting

Ui = "o^' (B.3)

in Equation (B.2), solving for r in terms of ^A, and then substituting r in the general solution (B.3)

In tnt-t way

UfA

and the sohition to the finite difference equation is

"•="»
(uT*)'*"-

*'''
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Consider the error Su ; the finite difference equation governing the way this error is propagated to

the (i+1) vertical is

Su„,-Su, = -fA«u,,,

The solution to this difference equation, with the boundary condition

i = 0, 5u = Su

5u,^, = « (B.S)

With Equations (B.4) and (B.S), the percentual error in the solution on the i=0, i and i+1 verticals

is calculated as

It is seen that an error introduced into the solution on the first vertical propagates

through the solution without becoming percentually larger; thus, the proposed finite difference ap-

proximation satisfies a definition of stability, given by Levee (1959).

When a partial differential equation is replaced by a finite difference equation, an error,

known as truncation error, is incurred. Thetruncation error, as defined by Richtmeyer (1957), is

"u i-"i /f'"
(B.6)

and this error ( may be calculated from the above equations in the following way. The substitution

of (B.l) and (B.2) in Equation (B.6) gives

f =-Au,^,-
-A(i+'/2)^

—Au e (B.7)

From Equation (B.4), we can calculate a series expansion for

ln(^= - (i+1) InM I- - (i+l) (aa - (m\ <iAf \

or

-(i+l){fA-(^_Ai
I

u.^, = u. e
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The substitution of the above expression for u^^
^
in Equation (B.7) gives

f = — A"o |e

-(i+l) f^A - ^1^'
1

.^(i+'/i) ,f

2 -e

or

-(i+'/2)A^
I 2 2 -1

f = - Au„ e

Retaining only first order terms in (A, the truncation error is

e = - Au,^,^^.

r - M
2 -1

If for forced orographic ascent, A<0, then the truncation error t is positive; this means that the pro-

posed finite difference approximation overestimates the intensity of the u and w fields. The per-

centual eirur is

-M ]
e 2_i[, (B.8)

dn/dx

which for a slope of five per cent, corresponds to

.03 X 10" and _f = 0.05
du/dx

This percentual error, although not negligible, is of a reasonable order so that the proposed finite

difference approximation. Equation (B.2) will yield useful results.

It should, however, be mentioned that an alternative finite difference approximation is

available; namely, if the first order partial differential equation is approximated by

'u 1
- "i ^(uu. + Ui).

2

(B.9)

the solution of this difference equation can be shown to be

M+i
1 - (^A/2)

1 + (^A/2)

1+1

(B.IO)

This alternative finite difference equation is stable, in that an error introduced on the i-th verti-

cal is not percentually increased when propagated to the (i+l) vertical; in addition, the finite dif-

ference approximation is more accurate than Equation (B.2) in that the truncation error introduced

by (B.9) is second order in ^A, Levee (1959).
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NOTE -

Area of windward basin : 940 square miles

Areo of leeward bosin within profile strips = 1737 sq m

Areo of entire leeword bosin = 2675 square miles

Total basin areo = 3615 square miles
Averoge depth over entire bosin within profile

strips = 118 inches
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<£^ Profile "A"

<L Profile "B"

<LProfile"C"

° Miles from Xo

NOTE '

Area of windward basin = 940 square miles-

Areo of leeward bosin wifhin profile sfnps = 1737 sq

Area of enfire leeward bosin = 2675 square miles

Totol basin oreo = 3615 squore miles

Average bosin deptfi within profile strips on

Leeward side = 9,9 inches.

Average basin depth within profile strips on

Windward side = 14.1 inches.

Average depth over entire bosin within profile

strips =11.4 inches.

STATE OF CALIFORNIA

OEPAFITMENT OF WATER RESOURCES

DIVISION OF DESIGN AND CONSTRUCTION

OPERATIONS BRANCH

PROCEDURES FOR ESTIMATING

MAXIMUM POSSIBLE PRECIPITATION

oOo

THE CALCULATED 72-HOUR ISOHYETAL
DECEMBER 1955 STORM (4 "^/^ ),

FEATHER RIVER BASIN

Fig lie



STATE OF CALIFORNIA

DEPARTMENT OF WATER RESOURCES

DIVISION OF DESIGN AND CONSTRUCTION

OPERATIONS BRANCH

PROCEDURES FOR ESTIMATING

MAXIMUM POSSIBLE PRECIPITATION
-00^-

THE 72-HOUR ISOHYETAL MAP OF
OBSERVED PRECIPITATION,
DECEMBER 1955 STORM,
FEATHER RIVER BASIN

Fig. 12





STATE OF CALIFORNIA

DEPARTMENT OF WATER RESOURCES

DIVISION OF DESIGN AND CONSTRUCTION

OPERATIONS BRANCH

PROCEDURES FOR ESTIMATING

MAXIMUM POSSIBLE PRECIPITATION
-oCto-

THE 72-HOUR ISOHYETAL MAP OF
OBSERVED PRECIPITATION,
DECEMBER 1955 STORM,
FEATHER RIVER BASIN

Fig. 12



NOTE:
STORM period: 72 hours ending 0700 December 22, 1955

• Recording Precip i to ti on Stofion

O Non- Recording Precipitotion Station

(Storm totals for non - recording stotions which report

at times other than 0700 PST were obtained by prorotion

occording to the nearest available recording stotion )

<LProfile"A"

<LProfile"B"

<LProfile"C"

/

NOTE
? "' o o.

Areo of wrndward basin : 940 squore miles

Areo of leeward bosin within profile strips = 1737 sq

Area of entire leeword basin = 2675 square miles

Total basin areo - 3615 squore miles

Average bosin deptti wittim profile strips on

Leeward side = 70 inches

Averoge bosin deptti within profile strips on

Windword side = 16.0 inches

Average depth over entire bosin within profile
Strips =10 I inches

Average depth over entire Leeword side =65 inches

^»«^°a« depth over entire ba6in-=6 9 inches
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<£. Profile "A'

t Profile "B"

<L Profile "C"

NOTE

Area of windword basin : 940 square miles

Area of leeward basin within profile strips: 1737 sqmi

Area of entire leeword bosin = 2675 squore miles

Totol bosin Oreo : 3615 squore miles

Averoge basin depth within profile strips on

Leeward side = 16.7 inches.

Average basin depth within profile strips on

Windward side : 28,5 inches.

Average depth over entire basin within profile

strips : 20, 8 inches
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<t Profile "a"

<t Profile "B"

<LProfile"C"

NOTE

Area of windword bosir = 940 squore miles.

Area of leeward basin within profile strips = 1737 sq mi

Area of entire leeword basin = 2675 squore miles

Totol bosin Oreo = 3615 squore miles

Averoge basin depth within profile strips

Leeword side - 15 8 inches

Average bosin depth within profile strips

Windword side = 34.1 inches

Averoge depth over entire bosin within profile
strips = 22.1 inches
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